The flavor changing decays of heavy bottom quarks to the corresponding lighter quarks (u, c and s) in various B-meson decays via charged current and neutral current semileptonic transitions have emerged as promising candidates to explore the physics beyond the standard model. Experimentally the lepton flavor universality violation in b → (c, u) l ν and b → s l + l − transitions have been reported to a higher precision. The measurements of the lepton flavor violating ratios such as R D ( * ) , R J/Ψ and R K ( * ) are observed to deviate from the standard model expectations at the level of 1.4σ, 2.5σ, 1.5σ, 2.4σ and 2.2σ respectively. Motivated by these anomalies, we investigate the lepton flavor universality violation in Σ b → Σclν and Ω b → Ωclν decays. We follow a model independent effective field theory formalism and study the implications of R D ( * ) anomalies on Σ b → Σcτ ν and Ω b → Ωcτ ν decay modes. We give predictions of various physical observables such as the ratio of branching ratios, total differential decay rate, forward-backward asymmetry, lepton side polarization fraction and convexity parameter within the standard model and within various new physics scenarios.
The flavor changing decays of heavy bottom quarks to the corresponding lighter quarks (u, c and s) in various B-meson decays via charged current and neutral current semileptonic transitions have emerged as promising candidates to explore the physics beyond the standard model. Experimentally the lepton flavor universality violation in b → (c, u) l ν and b → s l + l − transitions have been reported to a higher precision. The measurements of the lepton flavor violating ratios such as R D ( * ) , R J/Ψ and R K ( * ) are observed to deviate from the standard model expectations at the level of 1.4σ, 2.5σ, 1.5σ, 2.4σ and 2.2σ respectively. Motivated by these anomalies, we investigate the lepton flavor universality violation in Σ b → Σclν and Ω b → Ωclν decays. We follow a model independent effective field theory formalism and study the implications of R D ( * ) anomalies on Σ b → Σcτ ν and Ω b → Ωcτ ν decay modes. We give predictions of various physical observables such as the ratio of branching ratios, total differential decay rate, forward-backward asymmetry, lepton side polarization fraction and convexity parameter within the standard model and within various new physics scenarios. 
I. INTRODUCTION
Although, the present day experimental results in B factory experiments are dominated by the meson decays over the baryon decays, the theoretical exploration of the semileptonic decays of baryons have a longer history as compared to the mesons. The system of particles which are classified under mesons and baryons are mainly distinguished by their quark structure. In early 1960's the concept of diquarks emerged out of some critical phenomenological ideas, have lead to the diverse coherent thoughts about the baryon decay characteristics. Soon after in Ref. [1, 2] the concept of diquark was literally introduced in order to describe a baryon as a composite state of two particles called a quark and a diquark. The heavy quark symmetry assumes baryons as a bound state of (Q) where, Q being the heavy quark surrounded by the lighter quarks q. This idea of quark-diquark picture of a baryon have successfully managed to predict various properties including their compositions and the decay probabilities. During the weak decays of baryons, only the heavier quark will be knocked out of a baryon and take part in the decay process by changing its flavor whereas, the lighter diquark pair will act as a spectator [3] . This is because when we carefully monitor this process, the quantum numbers (color index, helicities, momentum) are conserved for lighter diquark system. Hence, consequently this baryon three-body problem is reduced to usual meson two-body problem (see Fig. 1 ). Therefore, at the scale of quark level transitions, the treatment of semileptonic decays of baryons are considered to be very much analogous to that of mesons.
Study of semileptonic B meson decays is of great interest due to the long standing anomalies that are present in various B meson decays mediated via b → c l ν and b → s l + l − quark level transitions. The most well grounded measurements which substantiate these anomalies are the ratio of branching ratios R D and R D * defined as,
The precise SM predictions of R D and R D * based on the recent lattice calculations have been carried out by various groups and interestingly every predictions are in good agreement with each other. The FNAL/MILC Collaboration predicts the value of R D to be 0.299 ± 0.011 [4] . Similarly, in Ref. [5] it is predicted to be 0.300 ± 0.008. By combining these two calculations the FLAG working group [6] have come up with a value of R D = 0.300 ± 0.008. The authors in Ref. [7] suggest more accurate value of R D = 0.299 ± 0.003 by combing the two lattice calculations by obtaining the experimental form factors of B → Dlν from BABAR and Belle. In fact various similar calculations of R D can also be found in Refs. [8, 9] . Regarding the R D * SM predictions, at present we have quite a large number of predictions in which every prediction manifests a minimal variation. In Ref. [10] the authors predicts the value to be R D * = 0.252 ± 0.003. More recent calculations of R D * = 0.257±0.003 [8] , 0.257±0.005 [9] and 0.260±0.008 [11] obtained from the new form factor inputs by fitting the unfolded spectrum from Belle with the BGL parametrization [12] are in good agreement with each other as well as with the previous prediction. One can expect even more precise prediction of R D * once the full lattice QCD calculations are available. On the other hand, we have several measurements of R D and R D * from various experiments such as BABAR, Belle and LHCb. The Heavy Flavor Averaging Group (HFLAV) determined the combined deviation in R D ( * ) with respect to the SM. Recent measurements from Belle in 2019 have a significant impact on the average values of R D ( * ) . At present the combined deviation in R D ( * ) is reported to be 3.08σ from the SM expectations. The average values of R D and R D * reported by HFLAV are displayed in Table I .
Observables

SM predictions
World averages Deviation RD = B(B → Dτ ν)/B(B → Dlν) 0.299 ± 0.003 [4] [5] [6] [7] 0.340 ± 0.027 ± 0.013 [13] [14] [15] [16] 1.4σ [8] [9] [10] [11] 0.295 ± 0.011 ± 0.008 [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 2.5σ The clear disagreements between the SM predictions and the experimental measurements strongly indicate towards possible new physics. Several new physics scenarios are being investigated within model dependent and model independent frameworks [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Similarly, implications of R D ( * ) anomalies on similar decay modes have been studied as well. The details can be found in Refs. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
Apart from R D and R D * measurements, the LHCb have also measured the ratio of branching ratio R J/Ψ = B(B c → J/Ψτ ν)/B(B c → J/Ψlν) to be 0.71 ± 0.17 ± 0.18 [51] which stands around 1.3σ away from the SM value of [0.20, 0.39] [52] . As this error is relatively large, we do not consider R J/Ψ in our new physics (NP) analysis. 
In the SM, the Σ b and Ω b semileptonic decays have been studied by several authors using the Σ b → Σ c and Ω b → Ω c transition form factors obtained in spectator-quark model, the relativistic quark model, the Bethe-Salpeter approach, relativistic three-quark model, the light-front quark model [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . The total decay rate Γ (in units of 10 10 s −1 ) predicted within these models ranges from 1.44 -2.23 for Σ b → Σ c eν and 1.29 -1.87 for Ω b → Ω c eν. These variations in the prediction of Γ may due to the complexity in understanding the baryon structures and also due to the lack of precise predictions of various form factors. Nevertheless, we explore the NP effects on various observables pertaining to Σ b → Σ c τ ν and Ω b → Ω c τ ν decays within the model independent effective field theory formalism. It is indeed essential to study these decay modes both theoretically and experimentally to test the lepton flavor universality violation (LFUV).
Investigating the implications of R D ( * ) on Σ b → Σ c τ ν and Ω b → Ω c τ ν decays will draw more interesting results. For this study, we have considered the form factors obtained in the relativistic quark model [53] . We give predictions of various observables within the SM and within various NP scenarios. The results pertaining to the lepton side forward-backward asymmetry and the convexity parameter are predicted in SM for the first time in both the decay modes. Also, the new physics studies on these particular decay modes have not been explored till today.
The paper is organized as follows: in Sec. II, we briefly review the effective Lagrangian in the presence of the new physics couplings. Next we discuss the helicity formalism for Σ b → Σ c and Ω b → Ω c transitions and write down the respective vector, axial-vector, scalar and pseudoscalar helicity amplitudes. We also write down the formulae to calculate the total differential decay rate and various q 2 dependant observables. In Sec. III, we discuss the numerical results with all necessary input parameters. The numerical results are reported within the SM and within various NP scenarios. Finally, we conclude with a brief summary of our results in Sec. IV.
II. METHODOLOGY
Effective field theory formalism is a natural way to separate the effects coming from different scales involved in weak decays. The most relevant effective Hamiltonian for b → c l ν transition decays represented at the scale of bottom quark, containing both the SM and the possible NP operators is defined as [65, 66] ,
where G F is the Fermi coupling constant, V cb is the CKM matrix element, V L , V R , S L , S R and T are the Wilson coefficients (WCs) corresponding to the vector, scalar and tensor NP operators. The Fermionic operators
Here, we assume the neutrino to be always left chiral and all the WCs to be real. We rewrite the effective Lagrangian by considering NP contributions only from the vector and scalar type interactions as [67] 
where,
Within the SM,
Using the effective Lagrangian of Eq. (6), the three body differential decay distribution for the B 1 → B 2 l ν decays can be written as
where L µν and H µν are the leptonic and hadronic current tensors. Here
represent the three momentum vector of the outgoing baryon. One can use the helicity techniques for the covariant contraction of L µν and H µν details of which can be found in Refs. [68, 69] . We follow Ref. [67] and write the expression for differential decay distribution for B 1 → B 2 l ν decays in terms of the helicity amplitudes H V /A λ2λ W are expressed in A 1 , A 2 , A 3 , A 4 as follows:
where
µ is the four momentum transfer, λ 1 and λ 2 are the respective helicities of the parent and daughter baryons and
Here, B 1 represents the bottomed baryon Σ b or Ω b and B 2 represents the charmed baryon Σ c or Ω c . In the heavy quark limit, these matrix elements can be parametrized in terms of four velocities v µ and v µ as follows
and m B1 and m B2 are the masses of the B 1 and B 2 baryons, respectively. One can compute the hadronic form factors for scalar and pseudo-scalar currents by using the equation of motion. Those matrix elements are
where m b and m c are the respective masses of b and c quarks calculated at the renormalization scale µ = m b . These two sets of form factor are related through the following relations as given below and the q 2 behavior of form factors f s and g s are displayed in Fig. 2 . In the heavy quark limit, the form factors can be expressed in terms of the Isgur-Wise function ζ 1 (w) as follows [53] 
The explicit expression for ζ 1 (w) is found to be,
where e ∆ = ∆/ √ ∆ 2 , a unit vector in the direction of ∆ = M B2 v −M B1 v, and B 1 and B 2 are the parent and daughter baryon respectively. We refer to Ref. [53] for all the omitted details.
The relation between the hadronic matrix elements and the helicity amplitudes are defined as [68, 70, 71 ]
where λ 2 and λ W are the respective helicities of the daughter baryon and the off-shell W boson. In the rest frame of parent baryon B 1 , the helicity amplitudes can be written as [72, 73] 
For the helicity flipped components, these amplitudes turn out to be H
. Hence, the total left-handed helicity amplitude is
The scalar/pseudoscalar helicity amplitudes are defined as
For these amplitudes, the helicity flipped counterparts are H
B. Decay distribution and q 2 observables
To obtain the normalized differential decay rate, we perform the cos θ integration in Eq. (9), i.e,
The SM equations can be obtained by setting
The ratio of branching ratio which is defined by considering the ratios of the differential decay rate having the heavier τ lepton in the final state to the differential decay rate having the lighter lepton in the final state as,
, Ω b(c) and l = e or µ. Similarly, we also define various q 2 dependent observables such as total differential decay rate dΓ/dq 2 (q 2 ), ratio of branching ratio R B2 (q 2 ), forward backward asymmetry A l F B (q 2 ) obtained by integrating over linear cos θ dependency of the distribution, polarization fraction of the charged lepton P l (q 2 ) calculated by measuring the difference between the lepton helicity nonflip rate to the lepton helicity flip rate and convexity parameter C l F (q 2 ) which is found by integrating over cos 2 θ dependency of the distribution for both the decay modes as follows:
where dΓ(+)/dq 2 and dΓ(−)/dq 2 are the respective differential decay rates of positive and negative helicity of lepton.
III. RESULTS AND DISCUSSIONS
A. Input Parameter
For our numerical computation of various observables we use the input parameters from Ref. [74] and, for definiteness, we report it in Table II . Masses of all the particles are in GeV units and Fermi coupling constant G F is in GeV −2 unit. For the Σ b → Σ c and Ω b → Ω c transition form factors, we follow Ref. [53] and use the form factor inputs obtained in the framework of relativistic quark model. In the heavy quark limit the invariant form factors are expressed in terms of the Isgur-Wise functions ζ 1 (w) and ζ 2 (w) obtained for the whole kinematic range using the Ψ Σ (b,c) and Ψ Ω (b,c) baryon wave functions. The values of ζ 1 (w) and ζ 2 (w) in the whole kinematic range, pertinent for our analysis, was obtained from Ref. [75] . The SM predictions are reported for Σ b → Σ c lν and Ω b → Ω c lν decay modes undergoing b → clν quark level transitions where, l is either an electron or a tau lepton. In Table III , we display the average values of various observables such as the total decay rate Γ, longitudinal polarization of the charged lepton P l , forward-backward asymmetry A l F B , the convexity parameter C l F for both electron mode and tau mode respectively. We also report the ratio of branching ratios for these decay modes. The total decay rate for both the decay modes is observed to be larger for the lighter leptons (e or µ) as compared to the heavier τ lepton. The polarization fraction for the electron is −1.00. The τ polarization fraction is 0.131 for Σ b → Σ c and 0.135 for Ω b → Ω c decay modes. The forward-backward asymmetry for electron mode and tau mode are almost similar for both the decay modes. The convexity parameter C l F for τ mode is larger than the e mode. The ratio of branching ratio for Ω b → Ω c lν is slightly larger than the Σ b → Σ c lν decay mode.
We also determine the size of uncertainties in each observable that are coming from various input parameters. The uncertainties for the theoretical predictions can come from the nonperturbative hadronic form factors and not very well know CKM matrix element |V cb |. Here we consider the form factor uncertainties within 10% and the |V cb | uncertainty as mentioned in Table II . In order to measure the size of uncertainty, we perform a random scan over the input parameters within 1σ. Graphically the SM uncertainties for each q 2 dependant observable are displayed in Fig. 7 and 8 with a red patch. Interestingly, the SM uncertainties are very small in all the observables except for the total differential decay rate dΓ/dq 2 . The behavior of each observable as a function of q 2 for Σ b → Σ c lν and Ω b → Ω c lν decays are reported in the Figure 3 and 4. We compare each observable for both electron and tau lepton final states. The purple color represents the electron mode and the green color represents the tau mode. The q 2 dependence of all the observable are distinct for both e and τ modes. The R Σc (q 2 ) show almost positive slope over the entire q 2 range. The total differential decay rate for electron is maximum at minimum q 2 and minimum at maximum q 2 whereas, the the total differential decay rate for tau is maximum at around q 2 = 8 GeV 2 and approaches zero at minimum and maximum q 2 . The P e (q 2 ) is
Ratio of branching ratio RΣ c (q 2 ), the total differential decay rate dΓ/dq 2 , the lepton polarization fraction P l (q 2 ), the forward-backward asymmetry A , the total differential decay rate dΓ/dq 2 , the lepton polarization fraction P l (q 2 ), the forward-backward asymmetry A l F B (q 2 ) and the convexity parameter C l F (q 2 ) as a function of q 2 for the Ω b → Ωclν decays in the SM. The purple color represents the e mode and the green color represents the τ mode.
C. New physics analysis
We anlayse the NP effects in a model independent way. The new physics effects are investigated in four different scenarios by considering each new vector and scalar type NP couplings associated with the left handed neutrinos one at a time. The effects of V L , V R , S L and S R NP couplings are studied for both Σ b → Σ c τ ν and Ω b → Ω c τ ν decay modes. To get the allowed NP parameter space in each scenario, we impose the 3σ constraint coming from the measured values of the ratio of branching ratios R D and R D * . We first perform a naive χ 2 test to find the best fit values of each observable by defining
where, R We also report the q 2 dependency of each observable such as the ratio of branching ratio R Σc (q 2 ) and R Ωc (q 2 ), the total differential decay rate dΓ/dq 2 , the tau polarization fraction P τ (q 2 ), the forward-backward asymmetry A τ F B (q 2 ) and the convexity factor C τ F (q 2 ) for both the decay modes in Fig. 7 and 8 . In each figure we incorporate both SM and NP behavior. The SM and NP are distinguished by red and purple colors respectively. We represent the SM central curve and the corresponding 1σ band which we obtain by varying the input parameters (form factors and V cb ) within 1σ with the red color. On the other hand, the best fit curve and the band for each NP coupling obtained by imposing the 3σ constraint coming from the measured values of R D and R D * are represented with the purple color. Our main observations are as follows:
• The effect of V L NP coupling is encoded in the vector and axial vector helicity amplitudes only. In case of Σ b → Σ c τ ν decays, the deviation from the SM prediction due to V L NP coupling is observed only in the ratio of branching ratio R(q 2 ) and the total differential decay rate dΓ/dq 2 . All the other observables such as P τ (q 2 ), A • Similar to V L , the V R NP effects are encoded in the vector and the axial vector helicity amplitudes alone.
Deviation in each observable from the SM prediction is observed in this scenario. There is no cancellation of
The q 2 dependency of the ratio of branching ratio RΣ c (q 2 ), the total differential decay rate dΓ/dq 2 , the lepton polarization fraction P τ (q 2 ), the forward-backward asymmetry A τ F B (q 2 ) and the convexity factor C τ F (q 2 ) in SM (red) and in the presence of VL (purple), VR (green), SL (black), SR (pink) NP couplings for the Σ b → Σcτ ν decay mode.
FIG. 6: The q
2 dependency of the ratio of branching ratio RΩ c (q 2 ), the total differential decay rate dΓ/dq 2 , the lepton polarization fraction P τ (q 2 ), the forward-backward asymmetry A τ F B (q 2 ) and the convexity factor C τ F (q 2 ) in SM (red) and in the presence of VL (purple), VR (green), SL (black), SR (pink) NP couplings for the Ω b → Ωcτ ν decay mode.
NP effects in
are less in comparison to the deviation observed in the tau polarization fraction P τ (q 2 ). Similar conclusions can be made for the Ω b → Ω c τ ν decay mode as well.
• The scalar NP coupling S L comes into the decay amplitude through the scalar and pseudoscalar helicity amplitudes. The deviation observed in this scenario is more pronounced than the deviation observed with V L and V R NP couplings. More interestingly, the SM central curve and the best fit curve due to S L NP coupling show completely different behavior for all the observables. Moreover, there is even a zero crossing in the best fit curve of tau polarization fraction P τ (q 2 ) at q 2 ≈ 7.5 GeV 2 below which P τ (q 2 ) takes negative values. Similarly, the best fit curve of forward-backward asymmetry A τ F B (q 2 ) has a zero crossing around q 2 ≈ 3.5 GeV 2 . However, depending on the value of S L NP coupling, there may or may not be any zero crossing in P τ (q 2 ) and A τ F B (q 2 ).
• Similar to S L , NP effects coming from S R NP coupling are encoded in the scalar and pseudoscalar helicity amplitudes only. Again a significant deviation from the SM prediction is observed, in particular, for R(q 2 ), dΓ/dq 2 , P τ (q 2 ) and C τ F (q 2 ). It is, however, worth mentioning that the NP effect in A F B (q 2 ) is quite negligible in this scenario. Unlike S L , the shape of each observable remains similar to SM in this scenario.
FIG. 7:
The q 2 dependency of various observables such as the ratio of branching ratio RΣ c (q 2 ), the total differential decay rate dΓ/dq 2 , the tau polarization fraction P τ (q 2 ), the forward-backward asymmetry A 
IV. SUMMARY AND CONCLUSION
The main objective of this work is to determine the size of the lepton flavor universality violation in the semileptonic decays of Σ b and Ω b heavy baryons. Motivated by the long standing flavor anomalies in B → D ( * ) l ν decay modes, we follow a model independent effective field theory approach and study the various physical observables within the SM and in the presence of new vector and scalar type NP couplings. We have used the helicity formalism to construct the angular decay distribution for the b → clν transitions. We define several observables such as the lepton polarization, lepton side forward-backward asymmetry and convexity parameter for the Σ b → Σ c lν and Ω b → Ω c lν decays. The numerical results have been presented for both electron mode and tau mode within the SM. We also display the q 2 dependant plots within SM and within various NP scenarios. To find the allowed parameter space, we impose a 3σ constraint coming from the measured ratio of branching ratios R D and R D * . We perform our analysis by considering each NP parameter one at time. We also perform a naive χ 2 analysis to determine the best fit values of each NP couplings. The corresponding best fit values of each observable are also reported. The deviation observed with scalar NP couplings is more pronounced than that with the vector NP couplings. The deviation observed in case of S L NP coupling is quite distinct from all other NP couplings. In future, this may help to identify the exact nature of NP.
Unlike B meson decays which are rigorously studied both theoretically and experimentally over the decade, the baryonic decay modes which undergo similar quark level transitions are less explored. Study of these decay modes are useful for two reasons. First, it can provide us complementary information regarding NP in various B meson decays and also can be useful in determining the value of the CKM matrix element |V cb |. Secondly, study of these decay modes both theoretically and experimentally can act as a useful ingredient in maximizing future sensitivity to NP. 
